There is a b a s i c mismatch between t h e amount of power i n s t a l l e d i n small p r o p e l l e r -d r i v e n a i r c r a f t and t h a t r e q u i r e d f o r e f f i c i e n t c r u i s i n g , which r e s u l t s from climb performance requirements.
It is shown i n t h i s paper t h a t t h e r e i s a way of u s i n g excess power f o r most e f f i c i e n t c r u i s e , t h e r e s u l ti?g a i r s p e e d coming c l o s e s t t o t h e Gabrielli-von Karman l i m i t l i n e of v e h i c u l a r performance. A survey of 111 l i g h t a i r c r a f t was conducted, and it i s found t h a t many a r e operated a t t h i s optimum, while many more are n o t . A f i g u r e of m e r i t is developed t h a t measures c r u i s e performance. R a t i o n a l e i s p r e s e n t e d t h a t i s d i r e c t l y a p p l i c a b l e t o d e s i g n f o r c r u i s e e f f i c i e n c y .
I n t r o d u c t i o n I t i s s a f e t o say t h a t western l i f e s t y l e s w i l l c o n t i n u e t o undergo change as a r e s u l t of everi n c r e a s i n g pressure t o conserve o r b e t t e r u t i l i z e f o s s i l e f u e l s . T h i s t r e n d began w i t h t h e o i l em-
bargo of 1973-74, when, f o r t h e f i r s t time s i n c e t h e Second World War, f u e l s u p p l i e s i n most western n a t i o n s f e l l s i g n i f i c a n t l y below e s t a b l i s h e d demands. I n t h i s c o u n t r y , speed l i m i t s have been imposed on highway v e h i c l e s , and automobile manuf a c t u r e r s have been compelled, both by t h e buying p u b l i c and government r e g u l a t i o n , t o produce more f u e l -e f f i c i e n t cars. A s t h i s s i t u a t i o n develops, s t r o n g e r measures, i n c l u d i n g heavy f u e l t a x a t i o n a n d even f u e l r a t i o n i n g , may be a n t i c i p a t e d .
-
Thus f a r , however, no such r e s t r i c t i o n s have been placed on t h e general a v i a t i o n community, nor have a i r c r a f t manufacturers shown much i n i t i a t i v e i n b r i n g i n g f o r t h t h e a e r o n a u t i c a l e q u i v a l e n t of t h e compact car. T h i s i s due a t l e a s t i n p a r t t o t h e f a c t t h a t t h e e n t i r e g e n e r a l a v i a t i o n f l e e t consumes a m i n i s c u l e f r a c t i o n of petroleum d i st i l l a t e s as compared t o t h a t used f o r automotive purposes. But t h i s s i t u a t i o n may n o t p e r s i s t ; p r i v a t e f l y i n g i s s t i l l l a r g e l y perceived by t h e g e n e r a l p u b l i c as a h i g h l y v i s i b l e r e c r e a t i o n a l a c t i v i t y , roughly i n t h e same category as p l e a s u r e b o a t i n g , and a c c o r d i n g l y , consumptive of v a l u a b l e resources which could well be put t o b e t t e r use.
Few people r e a l i z e t h e e x t e n t t o which g e n e r a l a v i a t i o n c o n t r i b u t e s t o our n a t i o n a l t r a n s p o r t a t i o n system.
U. S. g e n e r a l a v i a t i o n f l e e t f l e w 4.5 b i l l i o n m i l e s f o r t h i s p e r i o d , roughly t w i c e t h e number flown by
all domestic a i r l i n e s , and t h a t g e n e r a l a v i a t i o n a i r c r a f t t r a n s p o r t e d 29 p e r c e n t o f a l l people who t r a v e l e d i n t e r c i t y by a i r i n t h e United S t a t e s .
It was w i t h t h e s e t h o u g h t s t h a t t h e p r e s e n t study was undertaken. I f g e n e r a l a v i a t i o n i s t o c o n t i n u e without r e s t r i c t i o n , t h e r e must be a conc e r t e d attempt t o d e s i g n f u t u r e a i r c r a f t w i t h f u e l e f f i c i e n c y as a n uppermost c o n s i d e r a t i o n . It i s b e l i e v e d t h a t t h e r e s u l t s of t h i s s t u d y w i l l pro-F i g u r e s r e l e a s e d f o r 1978l show t h a t t h e e * P r o f e s s o r , Aerospace Engineering Member AIM v i d e new i n s i g h t s as t o t h e d i r e c t i o n i n which t h e s e d e s i g n e f f o r t s should proceed.
To keep t h i n g s w i t h i n r e a s o n a b l e bounds, it was decided t o c e n t e r t h i s s t u d y around a p a r t i c ul a r group of g e n e r a l a v i a t i o n a i r c r a f t , which are t h o s e l i m i t e d t o two r e c i p r o c a t i n g e n g i n e s and gross w e i g h t s less t h a n about 8 , 0 0 0 I b . (35 kN).
T h i s is n o t o v e r l y r e s t r i c t i v e ; t h i s grouping (which w i l l h e n c e f o r t h be r e f e r r e d t o as " p r i v a t e a i r c r a f t " ) i n c l u d e s 92% of t h e 200,000 g e n e r a l a v i a t i o n a i r c r a f t p r e s e n t l y i n s e r v i c e i n t h e United S t a t e s .
Vehicle E f f i c i e n c y A s an overview, we begin w i t h a s h o r t d i s c u ss i o n on t h e s u b j e c t of v e h i c l e e f f i c i e n c y .
The d e f i n i t i o n of v e h i c l e e f f i c i e n c y , as means of determining which v e h i c l e i s " b e s t , " i s a subj e c t t h a t h a s i n t r i g u e d e n g i n e e r s f o r many y e a r s , and v a r i o u s measures of t h i s have been d e v i s e d . The most o f t e n c i t e d r a t i n g i s t h e t r a n s p o r t e f f i c i e n c y W V / P , where W is t h e v e h i c l e weight, V , t h e speed, and P, t h e i n s t a l l e d power o f t h e v e h i c l e .
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Jewel1 h a s made s t u d y of many v e h i c l e s and
concludes t h a t "some form of t r a n s p o r t e f f i c i e n c y is a s i g n i f i c a n t measure of v e h i c l e worth." Howe v e r , o b j e c t i o n s can he r a i s e d t h a t a n e v a l u a t i o n of a v e h i c l e ' s worth based on t h i s r a t i n g i s m i sl e a d i n g . F i r s t , i t t u r n s o u t t h a t all v e h i c l e s belonging t o a g e n e r i c class have about t h e same t r a n s p o r t e f f i c i e n c y . Thus t r a n s p o r t e f f i c i e n c y is most a p p r o p r i a t e l y used when comparing classes of v e h i c l e s , r a t h e r t h a n s p e c i f i c d e s i g n s w i t h i n a given class. Secondly, u s i n g t r a n s p o r t e f f i c iency as a primary f i g u r e of m e r i t completely o b s c u r e s t h e f a c t t h a t some v e h i c l e s are m a n i f e s t l y s u i t e d f o r some t r a n s p o r t a t i o n needs, and a s equally u n s u i t e d f o r o t h e r s ; w i t n e s s t h e j e t t r a n sp o r t and t h e s u p e r t a n k e r .
I n t h e wide spectrum of t r a n s p o r t a t i o n modes, a i r c r a f t are unique, i n t h a t they a r e c a p a b l e of developing high speeds economically. T h i s p e r m i t s human p a r t i c i p a t i o n i n d i s t a n t e v e n t s w i t h a minimum investment i n t r a v e l t i m e . The a c t u a l worth of speed i s d i f f i c u l t t o d e f i n e i n any g e n e r a l l y a c c e p t a b l e sense; t h o s e involved i n mnrmerce measure it i n one way, and v a c a t i o n e r s i n a n a l t og e t h e r d i f f e r e n t , b u t e q u a l l y v a l i d way. About t h e b e s t t h a t can be s a i d i s t h a t speed i s worth "something," which is i n t u r n r e l a t e d t o t h e worth of time. And a i r c r a f t are t h e o n l y v e h i c l e s t h a t can o f f e r high speeds, a t any p r i c e . T h i s is a n important f a c t t o keep i n mind when a i r c r a f t are compared w i t h o t h e r v e h i c l e s , such as automobiles, from t h as was r e c e n t l y done . I n t h i s r e g a r d i t a p p e a r s t h a t p r i v a t e a i r c r a f t a r e g e n e r a l l y c o m p e t i t i v e w i t h medium s i z e d passenger c a r s . While such a comparison is u s e f u l i n t h a t i t can be r e a d i l y comprehended by t h e l a y p u b l i c , i t s u f f e r s from s t a n d p o i n t of f u e l e f f i c i e n c y e
l a a t i s needed i s a d e f i n i t i o n of a i r c r a f t e f f i c i e n c y unique t o a i r c r a f t , and based upon t h e p r i n c i p l e s of f l i g h t . Only i n t h i s way can t h e m e r i t s o f a given d e s i g n be determined, o r may we g a i n a n a p p r e c i a t i o n f o r t h e f a c t o r s t h a t govern a i r c r a f t f u e l e f f i c i e n c y .
The Lift-Dr_g R a t i o
In s e e k i n g a d e f i n i t i o n of a i r c r a f t e f f i c i e n c y , i t i s n a t u r a l t o begin w i t h t h e l i f t -d r a g (LID) r a t i o . T r a d i t i o n a l l y , i t s maximum v a l u e h a s been a c c e p t e d a s a primary f i g u r e of m e r i t f o r a given a i r c r a f t . When expressed i n r e c i p r o c a l form, i t is a k i n t o t h e o r d i n a r y f r i c t i o n c o e f f i c i e n t encountered i n mechanics.
The LID r a t i o e n t e r s a i r c r a f t performance c a lc u l a t i o n s i n a n obvious way. N e g l e c t i n g speed v a r i a t i o n s i n p r o p e l l e r e f f i c i e n c y ( a r e a s o n a b l e assumption f o r a i r c r a f t having c o n s t a n t speed prop e l l e r s ) i t can be shown t h a t t h e speed which maximizes range, n e g l e c t i n g wind, i s t h a t corresponding t o t h e b e s t LID f o r a p r o p e l l e r -d r i v e n a i r c r a f t . T h i s is e s t a b l i s h e d by n o t i n g t h a t , s i n c e t h e time r a t e of energy e x p e n d i t u r e d e l d t is p r o p o r t i o n a l t o power, which is i n t u r n prop o r t i o n a l t o t h e product of d r a g and v e l o c i t y , i.e.,
where s i s t h e d i s t a n c e flown. T h e r e f o r e , t h e r a t e o f energy e x p e n d i t u r e p e r u n i t d i s t a n c e is minimum when LID i s maximum, i n d i c a t i n g that i n a comparison between two a i r c r a f t , t h e one having t h e h i g h e r LID ( a l l o t h e r t h i n g s e q u a l ) ought t o be judged t h e more e f f i c i e n t .
It i s a p r a c t i c a l f a c t , however, t h a t a i r c r a f t are almost never flown a t t h e a i r s p e e d correspond i n g t o t h e maximum LID r a t i o . P i l o t s o p e r a t e a i r c r a f t a c c o r d i n g t o m a n u f a c t u r e r s ' i n s t r u c t i o n s , where t h e power s e t t i n g ( i . e . , p e r c e n t of r a t e d power) i s t r e a t e d as t h e independent v a r i a b l e . The a i r s p e e d s corresponding t o t h e s e s e t t i n g s ( t y p ic a l l y , 65% and 75%) are u s u a l l y w e l l i n excess of t h e t h e o r e t i c a l optimum.
An o b j e c t i v e o b s e r v a t i o n is t h a t a i r c r a f t arc designed w i t h a b a s i c mismatch between t h e aero-
dynamics of t h e a i r f r a m e and t h e amount of power r e q u i r e d t o r e a l i z e i t s most e f f i c i e n t u s e , and t h a t a s a r e s u l t , a i r c r a f t are o p e r a t e d i n a wastef u l f a s h i o n . Before making any h a s t y judgments r e g a r d i n g p i l o t s and d e s i g n e r s , however, we should e x p l o r e t h e reasons why t h i s p r a c t i c e e x i s t s . For t h e p r e s e n t , l e t i t s i m p l y be noted t h a t t h e LID r a t i o does not appear t o be as u s e f u l a measure of a i r c r a f t e f f i c i e n c y a s i n t u i t i o n might s u g g e s t .
P r a c t i c a l C o n s i d e r a t i o n s
The mismatch betiveen t h e amount of power i nstalled i n a i r c r a f t and t h a t r e q u i r e d f o r e f f i c i e n t c r u i s e d e r i v e s from a v a r i e t y of sources, c h i e f of which is t h e f a c t t h a t a i r c r a f t must be a b l e t o climb.
T h i s r e q u i r e s a c o n s i d c r a b l c amount of
t a l t i t u d e , t h i s excess power then becomes a v a i la b l e f o r high speed c r u i s i n g . That t h i s power i s uscd s i r e f o r speed, but a l s o t h e f a c t t h a t many o f t h e c o s t s a s s o c i a t e d with f l i g h t a r c p r o r a t e d on f l i g h t time. Thus, t h e Cost of t h e a d d i t i o n a l fuel. r e q u i r e d t o c r u i s e a t off-optimum a i r s p e e d i s
usual.ly more than compensated f o r by t h e s a v i n g s i n t h e s e o t h e r c o s t s . There i s a l s o t h e b e l i e f , probably rooted i n f a c t , t h a t " t h r o t t l i n g back" t o t h e optimum a i r s p e e d d u r i n g normal o p e r a t i o n s i s a f a l s e economy, since t h e engine w i l l not run a t i t s b e s t o p e r a t i n g t e m p e r a t u r e , and w a r w i l l be a c c c l e r a t e d .
f o r such purposes r e f l e c t s not only man's de-'v T h i s h a s e v i d e n t l y been t r u e s i n c e t h e beg i n n i n g s of powered f l i g h t . a n a l y s i s of t h e 1903, 1 2 lip Wright b i p l a n e , and concluded t h a t t h i s a i r c r a f t f l e w a t or near i t s optimum l i f t c o e f f i c i e n t f o r g l i d i n g , i . c . , a t maximum LID. "Other f l i g h t s , " he n o t e s , "were made i n a i r p l a n e s of much t h e same dimensions, w i t h t h e a i d of ' s t r a n g e r ' (27 lip) engines.
" Even t h e Wriehts were e v i d e n t l y d i s s a t i s f i e d w i t h an a i r c r a f t engine s i z e d t o optimum a i r s p e e d , and remedied t h e s i t u a t i o n w i t h more power! Thus, among t h e i r o t h e r n o t a b l e achievements, they d i scovered a d e s i g n t r u i s m s t i l l v a l i d today: i f an a i r c r a f t engine i s s i z e d t o optimum a i r s p e e d , p i l o t s w i l l d e c i d e t h a t t h e a i r c r a f t is underpowered.
Hoerner3 has made an Design f o r H>s> LID a t C r u i s e v Having noted t h a t p r i v a t e a i r c r a f t a r e equipped w i t h engines far outsiaed f o r c r u i s i n g at optimum a i r s p e e d s , t h e q u e s t i o n t h a t next comes t o mind i s t h i s : why a r c a i . r c r a f t not designed aerodynamically t o produce high LID a t a c c e p t a b l y high a i r s p e e d s ?
To answer t h i s , we begin w i t h what might be c a l l e d t h e " d c s i g n e r ' s dilemma," t h e b a s i c problem of s i z i n g an a i r c r a f t t o meet a c r u i s e s p e c i f i c at i o n . Without being o v e r l y restrictive, we conf i n e o u r a t t e n t i o n t o a i r c r a f t whose d r a g l l . i f t r a t i o may be expressed by t h e simple r e l a t i o n ( p o l a r ) having t h e form ( 2 -3 ) Here, I , i s t h e a i r d e n s i t y , f t h e e q u i v a l e n t paras i t e area f o r t h e a i r c r a f t (a f i c t i t i o u s area which, w h m m u l t i p l i e d by t h e f r e e stream dynamic pressure, e q u a l s t h e v i s c o u s d r a g ) , W i s t h e weight, h t h e s p a n , and c t h e a i r p l a n e , or "Osvald's" e f f i c i e n c y f a c t o r which a c c o u n t s f a r *In t h i s p a p e r , we d e p a r t from t h e convention of r e p r e s e n t i n g a i r c r a f t parameters i n c o e f f i c i e n t form. For p r e s e n t purposes, t h e r e p r e s e n t a t i o n of performance i n t h e a c t u a l p h y s i c a l v a r i a b l e s of c i e s which would be obscured i n t h e customary ( c w f f i c i e n t ) r e p r e s e n t a t i o n . done; any attempt a t reducing A by reducing p or i n c r e a s i n g W r e s u l t s i n a corresponding i n c r e a s e i n B, and vice-versa.
t h e a i r c r a f t serves t o i d e n t i f y c e r t a i n dependen-
The same t e n d s t o b e t r u e f o r t h c two f i c t i t i o u s areas f and b2, s i n c e they e x i s t i n Some d i r e c t p r o p o r t i o n a l i t y , and t h c value of e t e n d s t o bc r a t h e r i n f l e x i b l e , r a n g i n g from about 0.6 t o 0.8 f o r most d e s i g n s . Therein l i e s t h e dilemma.
The d e s i g n d e c i s i o n a s t o t h e magnitudes of A and B can be postponed t e m p o r a r i l y by n o t i n g t h a t , f o r a given A , 8, t h e above e x p r e s s i o n y i e l d s a minimum i n v e l o c i t y . C a l c u l a t i n g t h i s , i t t u r n s O U t t h a t and o s t e n s i b l y , f as w e l l . However, f is a s t a t eo f -t h e -a r t parameter, and is n o t amenable t o simple s p e c i f i c a t i o n . P r e s e n t i n d i c a t i o n s are t h a t a v a l u e of f l e s s than about 3 f t 2 (0.28m2) cannot be achieved f o r any production a i r c r a f t , and t h i s only w i t h t h e g r c a t c s t a t t e n t i o n t o aerodynamic d e s i g n . A very " d i r t y " d e s i g n , c h a r a c t e ri z i n g most simple t r a i n i n g a i r c r a f t , w i l l normally have an f approximately t w i c e t h i s value. 
W i t h t h i s c o n s t r a i n t , i t is not
f u e l t h a t would be consumed on a g i v e n s t a g e l e n g t h i f an a i r c r a f t werc flown a t a n a i r s p e e d d i f f e r e n t from t h e optimum. Only t h e no-wind c o n d i t i o n will be c o n s i d e r e d ; t h e r e s u l t s can be extended l a t e r t o i n c l u d e wind, as t h e need a r i s e s . TO 
T h i s c o n d i t i o n i s taken a s a r e f e r c n c c , s i n c e as p r e v i o u s l y n o t e d , i t r c p r e s c n t s t h e optimum (most f u e l e f f i c i e n t ) f l i g h t c o n d i t i o n .
The u n i t power P = PI14 r e q u i r e d a t t h i s a i rspeed i s
I\
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and t h u s , a t any o t h e r a i r s p c c d V , it r e s u l t s a f t e r some a l g e b r a t h a t Nola s u p p o s c thaL V = aV, where a i s a number 3 of u n i t o r d e r . Then
where F is t h e f u e l flow r a t e , assumed t o scale d i r e c t l y w i t h power a c c o r d i n g t o p r e v i o u s assumpt i o n s . For a givcn c r u i s e d i s t a n c c , t h e r a t i o of no-wind f l i g h t t i m e s w i l l be t / t = V l V = l / a , and hence t h e r a t i o of t o t a l f u e l expended f o r e i t h e r case w i l l be 2
A -( F I F ) ( t l t ) = 1 / 2 L w + l/a21 E w C a l l i n g a a n "excess specd f a c t o r , " and w a n "~X C~S S f u e l f a c t o r , " t h e n t h e r a t i o wla is a measure of t h e p r i c e (measured i n f u e l ) per u n i t of a i r s p e e d g r e a t e r o r l e s s than t h e optimum f o r 114 a given d i s t a n c e flown. T h i s q u a n t i t y h a s a minimum, i . e . , d(w1N)lda = 0, when a 5 a* = 3 . 3 1 ' 4 ) 6 , -1.52^p , w = 2/31i2 -1.16, and t* = ( l / 3 ' l 4 ] t -0 . 7 6 ; , i n d i c a t i n g t h a t a 32% i n c r e a s e i n a i r s p e e d above t h e optimum w i l l r e s u l t i n o n l y a I h % i n c r e a s e i n t o t a l f u e l used. T h i s r e q u i r e s a 52% increase i n power. I n r e t u r n f o r t h i s , the f l i g h t time w i l l be reduced by 24%. T h i s i s c l e a r l y t h e b e s t rct u r n i n a i r s p e e d i n c r e a s e (and hcnce r e d u c t i o n in f l y i n g time) on eticess f u e l , and as such, must be regarded as t h e " l e a s t w a s t e f u l way of w a s t i n g , "
It t h u s t u r n s o u t t h a t t h e b e s t r a t e of
i . e . , t h e most p r o d u c t i v e u s e of excess f u e l f o r c r u i s i n g purposes.
T h i s r e s u l t is remarkable on two counts: f i r s t , i t i n d i c a t e s t h a t t h e common p r a c t i c e of o p e r a t i n g p i s t o n a i r c r a f t a t a i r s p e e d s about 30% h i g h e r than t h e optimum h a s a r a t i o n a l b a s i s , although t h e p r a c t i c e i t s e l f has probably evolved e m p i r i c a l l y . known t o correspond t o t h e optimum (no-wind) a i rspeed f o r i p t _ g r o p e l l e d a i r c r a f t , i n which f u e l energy i s converted d i r e c t l y i n t o t h r u s t ( i n contrast t o p r o p e l l e r d r i v e n a i r c r a f t , i n which ene r g y is converted f i r s t t o porqer, t h e n t o t h r u s t ) and corresponds t o t h e minimum v a l u e of DI WV f o r t h e a i r c r a f t .
Secondly, t h e c o n d i t i o n V = 3 l f 4 V is W e can determine t h e p h y s i c a l s i g n i r i c a n c e of t h i s a i r s p e e d f o r p r o p e l l e r a i r c r a f t from t h e f o llowing c o n s i d e r a t i o n s . Assuming s t e a d y s t a t e , w e can w r i t c DIWV = DtIWs = P t / W s V -EIWsV, which shows that t h e a i r s p e e d corresponding t o minimum D/WV minimizes t h e t o t a l energy E r e q u i r e d t o t r a n s p o r t a weight W through a d i s t a n c e s a t v e l o c i t y V. A l t e r n a t e l y , 2 D/WV = DV/W -P / W~, i . e . ,
t h e a i r s p e e d corrcsponding t o minimum D l W minimizes t h e power r e q u i r e d t o m a i n t a i n t h e k i n e t i c enerey of t h e a i r c r a f t i n t h e f a c e of c o n t i n u o u s energy d i s s i p a t i o n by d r a g f o r c e s . I t may be noted t h a t s i n c e E ( t h e t o t a l energy consumed i n a given d i s t a n c e a t c r u i s e ) i s p r o p o r t i o n a l t o c o s t , then E / V i s t h e c o s t of t r a v e l over a g i v e n d i s t a n c e p e r u n i t of a i r s p e e d , and t h e a n d y s i s sliows t h a t this c o s t w i l l bc minimized when UlWV i s minimized.
Thus, V minimizes c o s t p e r u n i t d i s t a n c e , whi1.e V* minimizes c o s t per u n i t of speed.
F i n a l l y , we n o t e i n p a s s i n g t h a t t h e r e c i p r o c a l O C DIW i s j u s t t h e product of t h e a i r s i x e d and t h e L I D r a t i o . Obviously, minimizing n/WV r e s u l t s i n maximizing t h i s product. T h i s i s e v i d e n t l y t h e b e s t compromise betwecn high LID and h i g h speed, s h o w p r e v i o u s l y t o e x i s t i n r e c i p r o c a l r e l a t i o n .
It is i n t h i s f a s h i o n t h a t d e s i g n e r s appear t o r e c o n c i l e t h e d e s i g n dilemma.
, I
Thc G a b r i e l l i -v o n Karma" L i m i t operated according t o this philosophy, i.c., i n a way t h a t maximizes speed \per u n i t c o s t , r a t h e r than d i s t a n c e p e r u n i t c o s t .
T h i s h r i n g s t o mind a c e l e b r a t e d paper publ i s h e d i n 1950 by G a b r i c l l i and "on K<rmin4, who t o e s t a b l i s h e x a c t l y t h i s t y p e of r e l a t i o n s h i p . The paper was t i t l e d , a p t l y , "iffliat P r i c e Speed?" undertook a s t u d y of many v e h i c l e s i n an attempt \c/
T h e i r work shoirrd t h a t t h e r e i s an apparent technology harrier (which they c a u t i o u s l y r e f e r r e d t o as "almost a kind of universal law") that s c t s a l i m i t o n t h e speed of any v e h i c l e , r c g a r d l e s s of t y p c o r o p e r a t i n g mcdinm, f a r a g i v c n ipower t o w i g h t r a t i o . F (defined a s P / W and hence t h e r e c i p r o c a l o f t r a n s p o r t e f f i c i e n c y ) a g a i n s t speed f o r n u m~r o~~s v e h i c l e s , it w a s found t h a t t h e r e i s a l i n e o f demarcation i n v e h i c u l a r performance betwecn t h a t which i s f e a s i b l e , .md t h a t w h i c h a p p e a r s t o he impossible. This i s illown i n F-1. T h i s , l i ? e h a s Since been known a s t h e "dabrielli-"on Karma" l i m i t , " or, simply tile " l i m i t l i n e , " and i s a s t a n d a r d by which a l l vchiclcs a r e compared; t h e c l o s e r t h e v e h i c l e ' s performance l i e s to t h i s l i n e , t h e g r e a t e r e f f i c i c n c y w i l l be a t t r i b u t e d t o t h e v e h i c l e . E a r l i e r , it was noted t h a t a i r c r a f t a r e unique v e h i c l e s , i n t h a t o n l y a i r c r a f t are c a p a b l e of Returning t o t h e m a t t e r a t hand, i t can be seen a c h i e v i n g high speeds economically, f o r a r e a l i s t i c measure of a i r c r a f t e f f i c i e n c y , cal and some t h e o r e t i c a l , and have been l e d t o t h e Cobrielli-"on Karma" (GvK) sense would occur a t a c o n c l u s i o n t h a t a i r c r a f t are indeed designed and speed corresponding t o h e s t LID. Howcvcr, i f t h c ~n our t h a t t h e v c h i c l e s p c c i f i c power f o r a n a i r c r a f t is j u s t i t s D/l. r a t i o . Accordingly, i.t might bc sup.. Before t h i s is undert a k e n , however, i t w i l l prove convenient t o t r a n sform t h e GvK c o o r d i n a t e s i n t o a n o t h e r system. he limit l i n e a p p e a r s as a l i n e a r f u n c t i o n of v e l o c i t y i n t h e c -V p l a n e . Thus, EJV = K (a c o n s t a n t ) a l o n g t h e l i m i t l i n e * , so t h a t i f E I V i s plotLed a g a i n s t V , t h e r e r e s u l t s a l i n e p a r a l l e l v w i t h t h c V a x i s . T h i s corresponds t o an i n v a r i a n t l i m i t , and a l l p o i n t s t o t h e l e f t of t h e l i m i t l i n e max' r a n g i n g from zero t o u n i t y , t h a t i s now d e s i g n a t e d a s t h e cruise e f f i c i e n c y C , given by
It should Be noted t h a t t h i
s l i m i t was not d e r i v e d , but r a t h e r wails p o s t u l a t c d accordi n g t o t h e evidencr dcvi,loped i n tiwir e x h a u s t i v e s t u d y . The a u t h o r s themselves s p e c u l a t e d on i t s o r i g i n , i n d i c a t i n g that i t might be r e l a t c d t o m a t e r i a l p r o p e r t i e s . By p l o t t i n g v c h i c l e s p e c i f i c powcr
W E have examined a number of f a c t o r s , some p r a c t iposed t h a t t h e $5 a i r c r a f t e f f i . c i e n c y i n t h e
c m t i r c DIL c h a r a c t e r i s t i c of t h e a i r c r a f t is p l o tted i n t h e E -V c o o r d i n a t e system, i t can bc seen, a s sliown i n F-2, t h a t t h e speed l y i n g c l o s e s t t o t h e l i m i t l i n c is not t h a t f o r minimum E ( b e s t LID), but r a
t h e r a speed somewhat higher than t h i s . It is e a s i l y shown ( t h e d e t a i l s are s t r a i g h t f o r w a r d ) that t h i s " v e l o c i t y of c l o s e s t approach" is ident i c a l t o t h e speed designated a s V* i n t h e prev i o u s development. Note t h a t t h i s is t r u e reg a r d l e s s of whether t h e a i r c r a f t i s powered by
. This is an a b s o l u t e measure of a i r c r a f t c r u i s e e f f i c i e n c y , s i n c e i t compares t h e maximum product o f v e l o c i t y and LID r a t i o of t h c a i r c r a f t t o t h e maximum imposfd by technology.
To complete t h i s d i s c u s s i o n , it i s noted t h a t t h e u n i t power r e q u i r e d a t optimum c r u i s e can a l s o be w r i t t e n as a f u n c t i o n of t h e A and B parameters
as follows: A p p l i c a t i o n of R e s u l t s
To i l l u s t r a t e t h e a p p l i c a t i o n of t h e preceding a n a l y s e s , a parametric survey of some 111 product i o n a i r c r a f t was made, r e p r e s e n t i n g t h e b u l k o f all "cruising" a i r c r a f t c e r t i f i c a t e d i n t h e United S t a t e s which are powered by r e c i p r o c a t i n g e n g i n e s , having g r o s s weights l e s s t h a n about 8,000 l b .
(35.6 kN). T r a i n i n g a i r c r a f t were included i n t h i s survey, but a g r i c u l t u r a l a i r c r a f t were n o t , owing t o t h e i r h i g h l y s p e c i a l i z e d n a t u r e . T h i s survey was undertaken s p e c i f i c a l l y i n o r d e r t o answer two q u e s t i o n s : t h e f i r s t h a s t o do w i t h t h e c u r r e n t s t a t e of d e s i g n tcchnology; how e f f i c i e n t are t h e s e a i r c r a f t , i n t h e sense prev i o u s l y d e f i n e d ? The second addressed t h e i s s u e of o p e r a t i o n a l p r a c t i c e : f a c t u r e r s ' power recommendations match t h e c r u i s e optimum?
how c l o s e l y do manuData f o r t h i s survey were drawn from two p r i nc i p a l sources, l i s t e d i n t h e r e f e r e n c e s 6 , ' . 
and e f f i c i e n c y f a c t o r e o f 0.78. These values wcrc adopted as t h e most p r o b a b l e , bascd on publ i s h e d work8.9.
I n so d o i n g , some a i r c r a f t were undoubtedly favored, and o t h e r s p e n a l i z e d ; however, s i n c e t h e induced d r a g is only about 25% of t h e t o t a l d r a g f o r most a i r c r a f t a t c r u i s e , t h e r e s u l t i n g values o f f t h u s o b t a i n e d were not part i c u l a r l y s e n s i t i v e t o e, as s t u d y showed.
It i s notcd i n p a s s i n g t h a t , s i n c e d a t a were a v a i l a b l e f o r a l l a i r c r a f t at b o t h t h e 65% and 75% c r u i s e QOV~I-s e t t i n g s , f could be determined t w i c e f o r each a i r c r a f t . G e n e r a l l y speaking, t h e s e two independent d e t e r m i n a t i o n s y i e l d e d remarkable cons i s t e n c y , d i f f e r i n g i n almost every case by l e s s than f i v e p e r c e n t . These assumptions become even l e s s i n f l u e n t i a l i n t h e a c t u a l d e t e r m i n a t i o n of c r u i s e performance, s i n c e e and f appear i n t h e above r e l a t i o n s r a i s e d t o f r a c t i o n a l powers.
It i s a l s o p o i n t e d o u t t h a t t h e r e s u l t i n g values of A, B, C , and V* c a l c u l a t e d f o r each a i rc r a f t were a l t i t u d e dependent, t h a t i s , thcy were determined s t r i c t l y from m a n u f a c t u r e r s ' d a t a , which may be presumed t o r e p r e s e n t t h e i d e a l f o r each make and model. Some thought was g i v e n i n it i a l l y t o normalizing a l l d a t a t o a r e f e r e n c e a l t it u d e , but t h i s was decided a g a i n s t f o r t h e reason a l r e a d y s t a t e d , and t h e f a c t t h a t t h i s would obscure t h e l a r g e g a i n s made i n c r u i s e e f f i c i e n c y i n r e c e n t y e a r s w i t h t h e i n t r o d u c t i o n o f turbosupercharged e n g i n e s i n such a i r c r a f t .
F i g u r e 3 shows t h a t c r u i s e e f f i c i e n c y v a r i e s almost l i n e a r l y w i t h a i r s p e e d , r a n g i n g from about 0.15 f o r simple, fixed-gear t r a i n i n g a i r c r a f t , t o a maximum of 0.7 f o r h i g h -a l t i t u d e twins. The e x p l a n a t i o n f o r t h i s is t h a t LID r a t i o s f o r a l l a i r c r a f t s t u d i e d f a l l w i t h i n t h e range 9 -1 6 ( i s o l a t e d e x c e p t i o n s n o t e d ) and t h u s c r u i s e e ff i c i e n c y t e n d s t o scale d i r e c t l y w i t h v e l o c i t y . T h i s is brought o u t c l e a r l y i n F-4, which is a p l o t of A vs. 8. Shown i n t h i s c o o r d i n a t e system a r c l i n e s of c o n s t a n t V* and C , w i t h two l i n e s of c o n s t a n t a l s o shown f a r r e f e r e n c e . Among o t h e r t h i n g s , t h i s also i l l u s t r a t e s t h e g a i n s made by supercharging, which p e r m i t s h i g h -a l t i t u d e f l i g h t . The result i s a simultaneous d e c r e a s e i n A and an i n c r e a s e i n B, l e a d i n g t o h i g h e r speed, and hence c r u i s e e f f i c i e n c y .
The l a s t f i g u r e (F-5) shows t h a t published a i rspeeds are, on t h e a v e r a g e , about 15% h i g h e r than t h e c r u i s e optimum developed i n t h i s s t u d y , a t t h e 75% power level. A number of a i r c r a f t appear t o have e n g i n e s s i z e d t o produce t h e c r u i s e optimum a i r s p e e d a t t h i s power l e v e l , however, i n d i c a t i n g t h a t some e x i s t i n g d e s i g n s have been n e a r l y optimized i n t h i s r e g a r d . On t h e o t h e r hand, numerous o t h e r a i r c r a f t appear t o be over-powered a t c r u i s e , and would b e n e f i t c o n s i d e r a b l y i n f u e l e f f i c i e n c y if o p e r a t e d a t somewhat lower c r u i s e power s e t t i n g s . A p l o t of published a i r s p e e d s a g a i n s t t h e c r u i s e optimum a t t h e 65% power l e v e l l e a d s t o e s s e n t i a l l y t h e same c o n c l u s i o n s , and t h e r e f o r e i s n o t included.
Design f o r C r u i s e E f f i c i e n c y R e c a l l i n g t h a t c r u i s e e f f i c i e n c y is a normalized maximum product of LID r a t i o and v e l o c i t y , we r e t u r n t o F-4.
Here, i t can be
i n a i r s p e e d (hence r e d u c t i o n i n f l y i n g time) r a t her t h a n i n dista:ce t r a v e l e d , per u n i t of f u e l i n mind when he w r o t e , i n l a t e r e x p l a n a t i o n of h i s work w i t h G a b r i e l l i l O : " I f t h e s p e c i f i c power is p r o p o r t i o n a l t o speed, t h e t o t a l work n e c e s s a r y f o r t r a n s p o r t a t i o n o v e r a given d i s t a n c e i s t h e same. T h i s c o n d i t i o n corresponds t o s t r a i g h t l i n e s of 45" s l o p e i n t h e l o g a r i t h m i c diagram. W e can t h e r e f o r e say t h a t any v e h i c l e performs b e s t where i t s curve h a s a 45' s l o p e . I f t h e s l o p e i s l e s s t h a n 45". t h e v e h i c l e i s improved by i n c r e a s i n g speed. I f t h e s l o p e i s g r e a t e r t h a n 45', t h i s i s a s i g n t h a t t h e v e h i c l e i s beyond i t s b e s t a p p l i c a t i o n . "
From t h i s , it is e v i d e n t t h a t any v e h i c l e , airc r a f t i n c l u d e d , w i l l be operated a t i t s " b e s t a p p l i c a t i o n " when t h e product of speed and LID r a t i o ( o r WV2/P) i s maximum. c r a f t , t h i s corresponds t o t h e optimum u t i l i z ation of excess power f o r c r u i s i n g purposes, as h a s been demonstrated. 
It i s t h e a u t h o r ' s b e l i e f t h a t t h i s work h a s immediate a p p l i c a t i o n . A s a s t a r t , manufacturers
(who know t h e p h y s i c a l and aerodynamic parameters of t h e i r products b e t t e r t h a n anyone e l s e ) might c o n s i d e r supplementing t h e i r o p e r a t i o n a l d a t a w i t h t h e information needed by p i l o t s t o o p e r a t e a t t h e c r u i s e optimum developed i n t h i s paper. 
